Bit-loading techniques based on orthogonal frequency division mutiplexing (OFDM) are frequently used over wireline channels. In the power line context, channel state information can reasonably be obtained at both transmitter and receiver sides, and adaptive loading can advantageously be carried out. In this paper, we propose to apply loading principles to an spread spectrum OFDM (SS-OFDM) waveform which is a multicarrier system using 2D spreading in the time and frequency domains. The presented algorithm handles the subcarriers, spreading codes, bits and energies assignment in order to maximize the data rate and the range of the communication system. The optimization is realized at a target symbol error rate and under spectral mask constraint as usually imposed. The analytical study shows that the merging principle realized by the spreading code improves the rate and the range of the discrete multitone (DMT) system in single and multiuser contexts. Simulations have been run over measured power line communication (PLC) channel responses and highlight that the proposed system is all the more interesting than the received signal-to-noise ratio (SNR) is low.
INTRODUCTION
Different techniques are proposed to provide reliable and high data rate communication access. One of these possible techniques is power line communications (PLC) which exploits the power supply grid for indoor and outdoor communication purpose. Recently, orthogonal frequency division multiplexing (OFDM) has been retained as a good modulation able to ensure high data rates in this frequency selective medium [1, 2] .
The power line channels essentially offer quasistatic impulse responses, like in other wireline channels, which implies that the channel state information (CSI) can be made available at the transmitter by sending adequate feedback information from the receiver. Under this assumption, the channel knowledge is exploited by bit-loading algorithms to increase the capacity of the transmission systems, as done with the well-know discrete multitone (DMT) system in the digital subscriber line (DSL) applications. This adaptive loading approach results in substantial improvements in terms of system throughput or robustness [3] . In a general approach, each subcarrier can be assigned a given energy and be loaded with a given modulation, such as quadrature amplitude modulations (QAM). In order to ensure reliable communications, the loading pair constellation energy is driven by the signal-to-noise ratio (SNR) achieved per subcarrier.
However, for long lines or deep fades, the subcarrier SNR can drop under a certain threshold resulting in unload situations. Moreover, finite order constellations like QAM, combined with power spectrum density (PSD) limitations produce a quantification loss that implies a global achievable rate reduction. To circumvent these problems, fractional bit techniques exploiting trellis coded modulations with variable rates can be carried out [4] , but lead to an important increase of complexity. Spread spectrum (SS) combined with multicarrier technique has also been proposed using a socalled carrier merging approach [5, 6] . The merging process consists in connecting a set of subcarriers with spreading sequences. If judiciously done, each resulting set holds an equivalent SNR such that the total supported throughput is greater than the sum of the individual throughputs supported by each subcarrier taken separately. This system, commonly referred to as SS-OFDM, can also be viewed as linear precoded OFDM where the precoded matrix is the spreading matrix [7] . The purpose of this paper is to generalize the above mentioned merging principles exploited for adaptive resource allocation purpose, in the case of 2D time and frequency merging. The related transmission system thus combines OFDM and SS in both domains, time and frequency. Consequently, applying resource allocation to such a system means that the loading algorithm has to take into account not only the subcarriers but also the time and the frequency spreading components of the system to perform bit, energy, and code allocation. Some preliminary works to this study have already been introduced in [8, 9] in the case of one dimensional SS-OFDM systems. This paper constitutes an overview, a generalization, and an extension to these previous contributions.
This paper is organized as follows. Section 2 presents the SS-OFDM system. Section 3 gives the optimal solution to the throughput maximization problem of the SS-OFDM system within a 2D time and frequency elementary pavement. Section 4 gives some results with 1D spreading, in time or in frequency, and Section 5 generalizes the spreading in 2D space. Section 6 extends the previous results to the multiuser case. The performance of the proposed scheme is given in Section 7 over power line channels when 2D spreading is applied, in single and multiple user contexts. Finally, Section 8 concludes the paper.
SYSTEM DESCRIPTION
As previously stated, the studied system results from the combination of multicarrier modulation and spread spectrum. In the general case, the data symbols are spread in time and frequency, and OFDM modulation is applied over the chips of the spreading codes, as presented in [10] , thus leading to the 2D SS-OFDM waveform which we are interested in. In our study, the SS component is not used to share access between users, as CDMA does, but instead to multiplex different data symbols belonging to a given user. We then prefer to use the abbreviation SS instead of CDMA. In a multiple user context, developed in Section 6, frequency division multiple access (FDMA) will be used to perform multiple access between users. Figure 1 depicts the construction of the symbol data-flow with respect to the spreading process in time and frequency. As illustrated, the K p data symbols are spread using code sequences of length L p . The resulting chips are reshaped into an elementary pavement and are then distributed across the time-frequency grid. The elementary pavement p basically defines the L p chips that are connected by the same codes, and transmitted over a set L p of L p elements of the time-frequency grid. The distribution is performed over L t,p OFDM symbols and L f ,p subcarriers. L t,p and L f ,p correspond to the time and frequency spreading factors, respectively, and L t,p × L f ,p = L p . The number P of pavements is clearly restricted to be such that
where N is the number of available subcarriers of the SS-OFDM system.
The baseband discrete-time equivalent transmitter and receiver model is depicted in Figure 2 . The information symbol stream x k,p (n) associated to pavement p ∈ [1; P] is first spread by the code vector C k,p of length L p , where k ∈ [1, K p ]. K p is the number of active codes (see Figure 1) , out of a maximum that can be accommodated by the used spreading matrix. With an orthogonal Hadamard matrix K p ≤ L p , and L p ∈ {1, 2, 4i | i ∈ N} [11] , the K p symbols x k,p (n) transmitted over the pavement p are
where c l,k,p = ±1 is the code-chip. 
Figure 2: Continuous and discrete-time equivalent SS-OFDM model. allocation algorithm. The resulting data stream is multiplied by the Hermitian Fourier matrix F that performs the multicarrier modulation. Then digital-to-analog (D/A) conversion yields the continuous-time signal transmitted through the frequency-selective channel h(t).
The received signal is analog-to-digital (A/D) converted and then the multicarrier demodulation F −1 and the dual time-frequency T −1 distribution are applied. The multicarrier component of the SS-OFDM signal is supposed to be adapted to the channel which is assumed to be constant over one SS-OFDM symbol. In that case, the channel can be modeled by one single complex coefficient per subcarrier [12] and represented by a diagonal matrix that takes into account the time and frequency distribution T . Now focusing on a given elementary pavement p, that is, on a particular set of elements of the time-frequency grid (see Figure 1) , denoted L p , we define the equivalent subchannel matrix H p by
where h Lp(l) (n) is the frequency channel coefficient of "timesubcarrier" L p (l). By "time-subcarrier" we mean one subcarrier among the L f ,p subcarriers of the elementary pavement p, this subcarrier belonging to one of the L t,p OFDM symbols of the SS-OFDM symbol. Before despreading, channel correction based on the zero forcing (ZF) criterion is performed with diagonal matrix G p . Hence, diagonal elements of G p are g l,p = 1/h Lp(l) . Finally, the received symbol z k,p (n) obtained after despreading using code C k,p writes
where ζ Lp(l) (n) is the sample of complex background noise associated to time-subcarrier L p (l). This noise is assumed to be Gaussian and white with variance N 0 for all l. Note that if the spreading code is only applied in the time domain, then for all
On the other hand, it is important to keep in mind that the SS-OFDM system is reduced to the DMT system when
To make the notation more compact and without loss of generality, the time variable n is omitted in the following.
THROUGHPUT MAXIMIZATION
The proposed SS-OFDM system offers many degrees of freedom which are the code length, the number of codes, the time and frequency spreading factors, the number of bits per code, and the energy per code. In a general approach, these degrees of freedom define variable parameters that can be adjusted to manage resource allocation and maximize the throughput of the system. Let us first focus on the optimal resource allocation within a given elementary pavement p of the SS-OFDM system. The optimal allocation of bits, energies, spreading factors, and codes has to be found considering a particular set of subcarriers L p such that |L p | = L p and under PSD constraint. In this section, one single elementary pavement is considered and the subscript p is omitted.
Rate upper-bound
A rate upper-bound of the system can be derived by evaluating the system capacity which takes into account the channel, the used waveform, and the receiver structure. The system capacity is derived from the mutual information of the SS-OFDM system. It has been proved in [7] that optimal waveform capacity is obtained with Hadamard matrices as spreading matrices. Due to orthogonality, each received symbol z k is estimated independently without intersymbol interference, as evident from (3). Thus, the total system capacity is the sum of the system capacities associated with each code k. This total system capacity, expressed in bit per SS-OFDM symbol, with ZF detection is then
where e k is the energy associated to the code k. The energy e k has to respect the PSD constraint expressed as
where E is given by the maximal PSD. Applying classical Lagrange optimization to concave function C in (4) under PSD constraint (5) leads to the following theorem which gives the maximal system capacity.
Theorem 1.
With ZF detection, the maximal SS-OFDM system capacity using code length L and a set L of subcarriers is In order to work on a throughput bound rather than on a capacity bound, a convenient quantity called the signalto-noise ratio gap Γ, sometimes called the normalized SNR, is introduced. This gap is a measure of the loss introduced by the QAM with respect to theoretical optimum capacity. With channel coding, the SNR gap is modified to include the coding gain and can also include an additional noise margin which takes into account the impairments of the system [3] . The maximal SS-OFDM throughput R ∈ R for one elementary pavement is then
This throughput is the rate upper-bound of the SS-OFDM system and will be referred to as such in the remainder of the paper.
Discrete modulations
The above obtained optimal allocation leads to noninteger modulation orders except in the particular case of R/L = R/L. Hence, Theorem 1 cannot be applied in practice, and workable rates have to be considered. Denoting R k the rate associated with code k, the total throughput of the system can be decomposed as
and in the case of integer order modulations, the following theorem gives the optimal allocation.
Theorem 2. With ZF detection and integer order QAM, the maximal reliable throughput of SS-OFDM using code length L, a set L of subcarriers, and with a rate upper-bound R is obtained with
The details of the proof are given in [9] , and are based on simple analytical tools. This proof basically shows (i) that the proposed bit distribution among the codes is the one that costs minimum energy, and (ii) that the given throughput is the maximal throughput that is achieved respecting the energy constraint (5) . From (5) and (8) this energy cost expresses
Theorem 2 simply says that maximal throughput is reached when bits and energies are distributed as uniformly as possible across the codes. The optimal reliable throughput then writes
and the throughput R k per code are such that
This theorem also gives the number K of codes to use which is L if R/L = 0, and L(2 R/L − 1) otherwise.
1D SPREADING CASE
Previous results are given for one elementary pavement p. In this section we apply the previous results with time or frequency spreading, and for multiple pavements p ∈ [1; P] . In a general approach, each elementary pavement can exploit its own code length L p which also becomes an adaptive parameter. But finding the optimal code lengths amounts to resolving a complex combinatorial optimization problem that cannot be reduced to an equivalent convex problem. Then, no analytical solution exists and optimal solution can only be obtained following exhaustive search. In order to avoid prohibitive computations, we assume that all the codes have the same length
This suboptimal but simple solution gives very satisfying results compared to the adaptive code length solution [7] . Furthermore, using unique code length allows to derive useful analytical results.
Time spreading
In the case of 1D time spreading L t = L, the system would then be an multicarrier direct sequence code division multiple access (MC-DS-CDMA) system if the spreading component were used to realize multiple access between users [13] . Subcarrier coefficients h l,p of one elementary pavement p are equal, since the channel is unchanged over one SS-OFDM symbol. The throughput in R then writes
and the throughput R of an SS-OFDM system using N subcarriers, or P = N elementary pavements, is simply the sum over N of the throughputs R p of each elementary pavement p. Throughput R p is then simply expressed replacing R by R p in (10). As evident from (11) and (10), R p (L) and R p (L) are increasing functions. Expressed in bit per OFDM symbol, the reliable rate R p /L can reach the rate upper-bound per OFDM symbol R p /L if and only if R p /L is integer, which is stated in the following proposition. Proof. It is simply proved using that if x ∈ R and x = x , then 2
This inequality is true for all L ∈ N * .
To illustrate Proposition 1, Figure 3 shows that the throughput R p is an increasing function of L, whereas the relative throughput R p /R p converges to a value inferior to 100%. In this figure, the received SNR equals |h l,p | 2 (E/N 0 ). This relative throughput is overall increasing with L, but can locally decrease due to the integer part operator.
We have introduced a rate upper-bound in Section 3.1 which gives a bound in R of a reliable rate in N. This bound is actually not a reachable rate in general as it can be viewed in Figure 3 . Proposition 1 then induces a new upper-bound well suited for reliable throughputs defined in N. Let R p be this new reliable upper-bound:
This upper-bound is then expressed in bit per OFDM symbol, and combining (11) with (13) it is clear that R p is independent of L. In terms of system performance, Figure 3 shows that the time spreading exploits energy merging to improve the throughput. Indeed, the SS-OFDM throughput with L t = L > 1 cannot be lower than that obtained with L t = 1 which corresponds to the DMT system. The difference between the throughput R p and the rate upper-bound R p is reduced which means that the energy merging translates into a compensation of the energy loss brought by the integer order modulations.
Frequency spreading
With 1D time spreading, the energy merging is realized between the same time-subcarriers of several successive OFDM symbols. With 1D frequency spreading, the merging is instead realized between different subcarriers belonging to the same OFDM symbol. One SS-OFDM symbol is then reduced to one OFDM symbol, and the corresponding system would be an MC-CDMA (multicarrier coded division multiple access) system if the spreading component were used to realize multiple access between users [14] . In a general approach, the gains of the subcarriers over a subset
Then, the rate upper-bound R p of pavement p is directly given by (7) without any simplifications, and the achievable throughput R p is simply expressed replacing R by R p in (10) .
This SS-OFDM system can benefit from carrier merging to improved the system throughput even if the subcarriers have different gains. For example, let P = 2, and
The DMT throughput corresponding to this two-subcarrier system equals 3 whereas the SS-OFDM throughput equals 4:
The throughput gain is expected to be all the more important than the amount of merged energies is high, that is, the frequency spreading factor increases. However, merging subcarriers with variable gains also leads to distortion within pavements. The ZF detector suppresses this distortion restoring the code orthogonality to the detriment of a noise level enhancement.
As it is shown in Figure 4 over uncorrelated Rayleigh fading channel of 100 subcarriers, the throughput overall increases with the code length but when the system exploits subcarriers with small received SNR, the carrier merging cannot compensate for the distortion. This is the case, for example, when h 30 or h 40 are exploited with code lengths, respectively, equal to 30 and 40. For small code lengths, the throughput R p is very far from upper-bound R p , whereas the difference R p /R p reaches a minimum for code lengths around 10-40 as evident from the relative throughput curve in Figure 4 . Now focusing on the code throughput R p /K, it is shown that the number of bit per code overall decreases with code length. This means that the gain brought by the energy merging cannot compensate for the distortion.
A solution to mitigate the distortion is to use multiple elementary pavements thus reducing the spreading factor while exploiting the highest possible number of subcarriers. The corresponding system is commonly called spreadspectrum multi-carrier multiple access (SS-MC-MA) system [15] . Such a system needs to distribute subcarriers between the elementary pavements. The following proposition gives the optimal distribution that maximizes the throughput R.
Proposition 2. The optimal subcarrier subsets
Proof. We have basically shown that any subcarriers swapping between two subsets L p and L p given by the proposition leads to a rate loss. This is done using simple derivation study of a sum of logarithm functions. The result obtained for two subsets is easily generalized for P subsets.
A practical solution to make use of Proposition 2 is to sort the subcarriers in descending order of power gain. The same result is obtained by symmetric with ascending order and also minimizes the distortion within each subset and maximizes the total throughput R. However, Proposition 2 which gives the unique optimal subcarrier distribution between subsets for R ∈ R, only yields a suboptimal solution to the R ∈ N maximization problem. The optimal subset choice for R ∈ R would consist in finding the subcarriers that fully exploit the PSD in each subset. This optimal solution could be obtained following a subcarrier swapping approach after initial subcarrier distribution given by Proposition 2. The resulting algorithm would require a prohibitive intensive computation and the resulting rate gain would however not be sufficiently high to compensate for this complexity increase [9] . Therefore, we directly exploit Proposition 2 to distribute subcarriers and then simply apply Theorem 2 in each resulting pavement to maximize R with low complexity cost. Figure 5 gives throughput R = p R p and relative throughput R/R of the SS-OFDM system over uncorrelated Rayleigh fading channel of 100 subcarriers. The average SNR is given by obtained throughputs are lower than those obtained with lower code lengths. As in Figure 3 , for small code lengths, the throughput R p is very far from upper-bound R p , whereas this difference reduces for higher code lengths. Figure 5 also shows that L f = 1 is not the optimal code length configuration for throughput in N. However, the optimal configuration cannot be derived analytically.
Note that a more powerful equalizer such as minimum mean square error (MMSE) equalizer rather than ZF equalizer could have been chosen to mitigate noise effect. However, Proposition 2 leads to subcarrier distribution that minimizes channel distortion-and noise effect-within each subset. Then, ZF detection leads to throughputs very close to those obtained with MMSE equalizer. Furthermore, mathematical expressions obtained with MMSE have a form such that the studied optimization problem is not convex, whereas derivations with ZF are fairly simple and lead to a closed form solution to the optimization problem.
2D SPREADING OPTIMIZATION
Merging the results in Section 4 obtained with 1D time or frequency spreading, the throughput per elementary pavement writes with 2D time and frequency spreading
and applying (10) the total reliable throughput yields Figure 6 gives reliable throughput R/L t per OFDM symbol of the SS-OFDM system over uncorrelated Rayleigh fading channel of 100 subcarriers. It firstly appears that the throughput increases with L t , that is, with L for a fixed value of L f , as already mentioned in Figure 3 , and quickly reaches its maximal value. On the other hand, for a fixed spreading factor L, the throughput degrades for high values of L f due to the increase of the frequency distortion. If the maximal time spreading factor L t is only limited by L, the highest throughputs are obtained for small values of L f and for high values of L t . Such configurations minimize the distortion within 2D pavements. The DMT throughput given by L = L t = L f = 1 is around 130 bits per OFDM symbol, and is then easily outperformed by the SS-OFDM system.
It turns out that the optimal configuration, that is, code length, time, and frequency spreading factors, cannot be reached analytically for throughput in N, whereas the following proposition gives the optimal configuration in R.
Proposition 3. The throughput R
Proof. The case of two subcarriers and L f ∈ {1; 2} is analyzed, the generalization being obvious. Let x, y be the two normalized SNR per subcarrier. The throughputs write
The difference between these two functions shows that
The reliable rate upper-bound R p introduced in Section 4.1 remains valid using R p defined in (16) and (13) . R p then depends on the frequency spreading factor L f and, contrary to R ∈ R given by Proposition 3, we cannot obtain any analytical total reliable upper-bound R ∈ N independent of L f .
MULTIUSER EXTENSION
In the single user context, the bit-loading algorithm applies Theorem 2 to perform bit, code, and energy allocation across the spectrum.
In the multiuser context different resource sharing strategies can be used (see, e.g., [16, 17] and related references). We choose here to maximize the smallest throughput over all users, which is equivalent to maximize the total throughput of the system while ensuring equal rates between users. This strategy then sacrifices the overall performance of the system, measured as the sum rate of all active users. Maximizing this sum rate can be done at low computational complexity but favors only users with good channels and does not ensure bandwidth for all users. Maximizing the minimum throughput ensures minimum quality of services for all the active users, and then guarantees fairness between them.
To realize multiple access, we use a modified version of the subcarrier allocation algorithm proposed in [18] . Let N u be the number of users, R (u) the throughput of user u, and B u the subset of subcarriers used by user u that gathers several elementary pavements. Because of spectrum sharing between users following FDMA, we have for all
For given L, L f , and L t , the proposed allocation Algorithm 1 is realized in three steps [9] . 
Algorithm 1
The modifications of the algorithm proposed in [18] are as follows (i) subcarriers are allocated to users by sets of L f subcarriers instead of being allocated one by one; (ii) the N u first sets of subcarriers are assigned in step 2 with respect to a priority order among the users based on the achievable throughput of each user computed over all the available subcarriers; and (iii) the user which cannot improve its rate is no more taken into account by the allocation procedure in step 3. The user with the smallest R (u) is being allocated at first, and then are the others. Of course step 3 is stopped when no more user can improve its throughput. Without condition in 3(a), the user with the worst channel would impose its throughput on all the other users, which would reduce the total throughput. Note that the structure of the algorithm is independent of the code length L and can be applied for L = 1 as well as for L > 1.
SIMULATION RESULTS OVER POWER LINE CHANNELS
In practical systems, there is P = N/L f elementary pavements over N subcarriers then
and in order to compare the performance of the systems, the throughputs are given in bit per OFDM symbol, that is, these throughputs are R/L t , R, and R/L t . In this section, we present simulation results for the proposed adaptive SS-OFDM scheme and we compare the performance of the new scheme with the performance of DMT, that is, when L = L f = L t = 1. The generated SS-OFDM signal is composed of 2048 subcarriers transmitted in the band [0; 20] MHz, and 1880 subcarriers are used to transmit information data. Then N = 1880 and the resulting used bandwidth is [1.6; 20] MHz. The subcarrier spacing equals 9.765 kHz and a long enough cyclic prefix is used to overcome intersymbol interference. We assume that the synchronization and channel estimation tasks have successfully been treated. The used PLC responses, displayed in Figure 7 , have been measured in an outdoor residential network by the French power company Electricité de France (EDF). We assume a background noise level of −110 dBm/Hz and the signal is transmitted with respect to a maximal PSD of −40 dBm/Hz. We consider that 2 q -ary QAM are employed with q ∈ [2; 15] as in DSL specifications. Results are given for a target symbol error rate (SER) of 10 −3 corresponding to an SNR gap Γ = 6 dB without channel coding. Some results are given versus channel attenuation which is related to maximal received SNR per subcarrier in the following way:
From (7) with L = 1, it comes that the DMT system needs a received SNR larger than 10.8 dB to transmit a minimal number of 2 bits per subcarrier, corresponding to a channel attenuation lower than 59.2 dB. The following simulation results show that the SS-OFDM system can benefit from energy merging to lower the required minimal received SNR and then improve the system range.
To perform bit-loading which needs CSI at the transmitter side, we assumed that the channel is constant over one SS-OFDM symbol, that is, over L t OFDM symbols. This assumption cannot be valid for large values of time spreading. Furthermore, the SS-OFDM receiver have to memorize L t times the result of the FFT 2 K before any signal processing. In order to limit this memory size and to assume constant channel over one SS-OFDM symbol, the maximal time spreading is then limited to 8. Figure 8 shows that the higher the channel attenuation is, the larger the time spreading factor should be to achieve a given percent of the reliable upper-bound R. With channel attenuation of 70 dB, the time spreading factor must be higher than 100 to reach 90% of the reliable throughput upper-bound. For lower channel attenuations, that is, higher received SNR, shorter time spreading factors are sufficient to reach a high percentage of the bound. When the channel attenuation increases, the energy per subcarrier and per OFDM symbol decreases and drops under values for which no more bits can be transmitted for an increasing number of subcarriers. To transmit bits over these zeroed subcarriers larger time spreading factors must be used to merge more OFDM symbols. Since none analytical reliable upper-bound can be derived, as already mentioned in Section 4.2, the optimal frequency spreading factor that maximizes the throughput is worked out through simulation search. Figure 9 then shows the maximal throughput and the corresponding frequency spreading factor obtained for channel attenuations in [20; 70] dB. The optimal frequency spreading is L f ∈ [36; 96] with an average value around 52. When comparing the throughput of fixed frequency spreading configurations with the optimal throughput for each channel attenuation, it appears that all the frequency spreadings, except very high L f , give throughputs up to 99% of the maximal throughput for low channel attenuations. For high channel attenuations, the system cannot merge enough subcarriers with low L f , and cannot compensate for the channel distortion with very high L f in order to improve the throughput. For these high channel attenuations, the optimal frequency spreading factor is around 64. Figure 10 gives results with both time and frequency spreadings, that is, with 2D spreading. The reliable rate upper-bound R is frequency spreading dependent. In order to work with a frequency spreading independent upperbound, the maximal rate upper-bound is computed over all the possible time and frequency spreading configurations, L t ≤ 8 and L f ≤ 100. Figure 10 gives the configurations that lead to at least 99.5% of this maximal bound. The number of these configurations decreases when the channel attenuation increases. For example, this number of configurations is equal to 285, 155, and 13 for channel attenuation, respectively, equal to 30, 40, and 50 dB. With 50 dB of channel attenuation, most of the optimal configurations use a time spreading factor close to the maximal available one, that is, L t = 8. It is important to note that there exist several configurations that lead to throughputs very close to the maximal rate upper-bound. In practice, it is then possible to fix in advance, that is, not in real time but as of the system design, a subset of configurations that yield performance close to the optimal. This approach reduces the number of configurations that the system has to compare in real-time. Figure 11 gives the throughput of the DMT system and the optimal rate upper-bound of the SS-OFDM system, and compared the throughputs of four SS-OFDM configurations relative to this upper-bound. The DMT throughput, corresponding to the SS-OFDM system with L = L t = L f = 1, is easily improved by the SS-OFDM system. The DMT system cannot reach 60% of the reliable upper-bound for channel attenuations higher than 55 dB, whereas the SS-OFDM system with {L t , L f } ∈ {{4, 94}; {6, 40}} can reach at least 90% of this upper-bound even for a channel attenuation equals to 70 dB. Let us recall that for this channel attenuation the received SNR per subcarrier is lower or equal to 0 dB. The SS-OFDM system is then able to transmit information even if the signal is under the noise level, whereas this is impossible with the DMT system. The SS-OFDM system can exploit subcarriers with received SNR equal to 10.8−10 log 10 L dB to transmit the lower number of bits which is 2, that is, channel attenuation equals to 59.2 + 10 log 10 L dB.
Single-user case

Multiuser case
In the multiuser case, the time and frequency resource is shared by the users with FDMA, whereas the SS is used to multiplex the data of each user as in the single user case. The simulation results are given for the four power line channel responses displayed in Figure 7 . Each user transmits information over its own channel. Let us recall that the bitloading algorithm proposed in Section 6 aims at maximizing the smallest throughput over all users, which ensures minimal differences between their throughputs. Note that this algorithm is appropriate whatever the length code L, in particular for L = 1, that is, for DMT. In order to have flexibility sharing the subcarriers L f ≤ 235 which means that the minimal number of elementary pavements per user is 2. The maximal value of L t is still 8. Figure 12 displays the average throughput per user for the DMT and SS-OFDM systems, and the corresponding optimal configurations for the SS-OFDM system. Optimal configuration means that the time and the frequency spreading factors lead to the best maximization of the minimum users' throughput. This optimal configuration is obtained by exhaustive search over L t ≤ 8 and L f ≤ 235. The throughputs are expressed in bit per OFDM symbol, and 1 kbyte per OFDM symbol corresponds to a mean throughput per user of 9.765 Mbps and a total throughput of 39 Mbps. For all the channel attenuations, the average throughput per user with SS-OFDM is higher than the average throughput per user with DMT, even if the multiuser bit-loading algorithm is not designed to maximize the total system throughput. The optimal time spreading factor is equal to the maximal possible value except for some particular channel attenuations and contrary to the results obtained in the single user case with L f = 1 (see Figure 8 ) for which the optimal time spreading factor is always the maximal possible one. As for the frequency spreading factor, Figure 12 shows that L f is overall decreasing with the channel attenuation from 30 dB but exhibits a strong dispersion of the values, L f ∈ [4; 220] , and contrary to the single-user case with L t = 1 (see Figure 9 ) for which an average frequency spreading factor around 52 is obtained. Eventually, we cannot conclude that there exists a unique pair {L t , L f } that yields the optimal configuration. Figure 13 gives the throughput dispersion of each user which is evaluated as the ratio between the individual throughput and the average throughput. These values are given for the DMT system and for the SS-OFDM system with the optimal configurations given in Figure 12 . The total gain is the difference between the SS-OFDM and DMT total throughputs. The minimum gain is the difference between the SS-OFDM and DMT minimal throughputs among users. As evident from the obtained results, the SS-OFDM system provides a lower throughput dispersion between users than DMT. The adaptive SS-OFDM system has in fact much more variable parameters than DMT, which allows to better answer to the resource sharing problem, and especially minimize the throughput dispersion. Now focusing on the throughput gain, the total and the minimal user throughputs are improved with SS-OFDM. In the figure, a gain of 300 bits per OFDM symbol corresponds to a gain of 2.9 Mbps. Then, for channel attenuation equals to 50 dB, the minimum throughput obtained with {L t , L f } = {8, 31} is increased by 779 bps, that is, 27%, and the corresponding total gain is 20%. For lower channel attenuations, for example 30 dB, the minimum throughput is increased by 23%, and the total throughput by 9%. For all the channel attenuations the gain of the minimum throughput is higher than 11.8%.
Complementary simulations show that there exist 175 configurations that give a gain of at least 10% for all the channel attenuations, and 449 configurations for which SS-OFDM outperforms DMT for all the channel attenuations. Then, there is a great choice of configurations that allow to achieve higher rates than DMT. To simplify this choice, Table 1 proposes optimal spreading configurations for some ranges of channel attenuations. Note that all users can transmit low rate information up to 83 dB of channel attenuation with SS-OFDM, whereas DMT needs channel attenuations lower than 58 dB to transmit information for all users. For example, for the largest range, that is, channel attenuation in [20; 83] , the optimal configuration is {L t , L f } = {8, 5} yielding a minimum throughput gain of 11.8% (the minimal value is obtained for 20 dB of channel attenuation). A minimum gain of 26.4% is reached for channel attenuations higher than 50 dB. These results show that it is possible in practice to select a small number of interesting configurations depending on channel attenuation ranges to reach throughputs higher than those obtained with DMT. More generally, it is possible to pick and choose a set of interesting configurations according to all the practical transmission scenarios that will be used to design the modem. The online modem will only have to select in real time the configuration adapted to its transmission link.
CONCLUSION
In this paper, we have studied adaptive loading principles applied to SS-OFDM systems suitable for wireline networks in a multiple-user context. A practical loading algorithm based on a 2D energy merging strategy has been proposed to maximize the system throughput and the system range. The adaptive SS-OFDM system offers allocation flexibility due to a large number of variable parameters. These parameters have been optimized through analytical studies and simulations, at a target symbol error rate and under PSD constraint. The 2D spreading component of the SS-OFDM system translates into energy merging in the time and frequency domains that leads to an increase of the throughputs compared with the classical DMT approach. This gain is understood as a reduction of the quantification loss due to the finite-order modulations. Well-chosen spreading factors lead to minimum user throughputs improved by at least 11.8% for low channel attenuations, and more than 23.3% for channel attenuations higher than 40 dB. Among the large number of possible spreading configurations, it is possible to establish a limited number of system configurations adapted to pratical transmission scenarios, and chosen in real time by the online modem.
